ABSTRACT: Single-molecule experimental methods have provided new insights into biomolecular function, dynamic disorder, and transient states that are all invisible to conventional measurements. A novel, nonfluorescent single-molecule technique involves attaching single molecules to single-walled carbon nanotube field-effective transistors (SWNT FETs). These ultrasensitive electronic devices provide long-duration, label-free monitoring of biomolecules and their dynamic motions. However, generalization of the SWNT FET technique first requires design rules that can predict the success and applicability of these devices. Here, we report on the transduction mechanism linking enzymatic processivity to electrical signal generation by a SWNT FET. The interaction between SWNT FETs and the enzyme lysozyme was systematically dissected using eight different lysozyme variants synthesized by protein engineering. The data prove that effective signal generation can be accomplished using a single charged amino acid, when appropriately located, providing a foundation to widely apply SWNT FET sensitivity to other biomolecular systems.
N anoscale electronic devices like field-effect transistors (FETs) offer a sensitive, label-free method for the realtime detection of biomolecules. In these devices, semiconductor nanowires 1−4 or carbon nanotubes 5−9 provide the conductive channels for biosensing. Single-walled carbon nanotubes (SWNTs), in particular, have the requisite sensitivity and bandwidth to detect and monitor single-molecule dynamics. 10−12 These characteristics make SWNT FETs an attractive tool to complement existing single-molecule techniques. In particular, single-molecule techniques like Forster resonance energy transfer (FRET) 13 are inherently limited by the properties of the fluorophores employed as reporters. Fluorophores suffer from photobleaching, 14 intermittency, 15 and limited photon fluxes, 16 all of which limit the resolution of very short-lived states or the long duration recording of conformational variability of the same molecule. As a complementary new technique, SWNT FETs provide a platform for continuous, temporally resolved single-molecule monitoring independent of fluorophore limitations. This resolution may help expand single-molecule research by, for example, revealing transient motions and intermediate states that are impossible to resolve by conventional, ensembleaveraged measurements. 13,17−19 Label-free readout of single biomolecule functionality has many potential applications, and our past work has specifically focused on the kinetic variability of repetitive catalytic processing by single lysozyme enzymes. 11, 12 Monitoring individual lysozymes tethered to SWNTs revealed a processive enzyme capable of hydrolyzing around 100 glycosidic bonds without substrate dissociation. Furthermore, analysis of statistical variances uncovered hidden information about lysozyme dynamics. 11, 12 In principle, any molecule of interest may be directly tethered to a SWNT FET, but further generalization of the SWNT FET technique first demands reliable design rules that can predict the success and applicability of these devices. This report addresses this need by focusing on the transduction mechanisms that link lysozyme processivity to electrical signal generation in a SWNT FET.
Ultimately, the sensitivity of SWNT FETs 20−22 originates from their quasi one-dimensional electronic structure and low carrier concentration. Heller et al. clearly summarized the various possible mechanisms that can contribute to chemical sensing by SWNT FETs and tried to distinguish among them. 23 In certain cases, charge transfer doping or chemisorption events were shown to be the main cause of slow, chemiresistive responses. Others have proven that interfacial effects at SWNTelectrode junctions can play important roles. 24, 25 However, the observation of high bandwidth, dynamic electrical signals severely restricts the possible modes of transduction. The signals generated by a SWNT-bound lysozyme molecule exactly match the dynamics of enzyme processing and therefore rule out mechanisms that are slow or irreversible, are caused by nonspecific binding, or are located at distant interfaces. 11, 12 Here, we investigate the hypothesis that signal transduction is driven by a simpler, electrostatic mechanism in which conformational motion of the lysozyme molecule electrostatically gates a short portion of the SWNT channel. Protein engineering was used to dissect the through-space interaction between eight different lysozyme variants and SWNT FET devices. The results prove the critical roles of two charged, side chain functionalities located close to the SWNT. Since all proteins have charged amino acids present on their surfaces, this transduction mechanism is straightforward to expand to a wide range of bioelectronic measurements.
Experimental Methods. Single-molecule lysozyme measurements were accomplished here using an electronic technique reported previously. 11, 12 Very briefly, single-SWNT FETs were fabricated and then decorated with pyrene-maleimide linker molecules, which strongly adhere to SWNT sidewalls by π−π stacking. 6, 26 Next, the devices were incubated in a solution of the pseudo wild-type, single-cysteine variant of T4 lysozyme (C54T/C97A/S90C, hereafter referred to as S90C lysozyme). 27, 28 The thiol functionality of the lysozyme reacted with an SWNT-bound maleimide to produce a covalent bioconjugate. Reaction conditions were tailored to readily produce devices having only one lysozyme attachment, as verified by atomic force microscopy (AFM). Figure 1a shows two example devices illustrating the high quality surfaces obtained and the ease of protein identification by AFM. Figure  1b schematically depicts a likely orientation of lysozyme with respect to its C90 residue and the SWNT attachment point. Two moving domains surrounding a catalytically active site are shown in light and dark gray. To date, over 100 devices using 10 different lysozyme variants have been successfully fabricated and measured. Precise details on device fabrication and lysozyme synthesis and characterization are described more fully in the Supporting Information (SI).
The electronic single-molecule technique involved monitoring nanocircuit conductance. A small bias of 100 mV was applied between source and drain terminals and then the SWNT source-drain current I(t) was continuously recorded at a fixed gate bias, typically for no less than 600 s. In the case of lysozyme, binding of peptidoglycan substrate (Figure 1b, red) at the active site occurs 3.1 nm distant from the C90 residue, but it also drives a large amplitude (0.8 nm), hinge-bending motion of the two domains. Previous work 11, 12 has shown that this substrate-driven mechanical motion dynamically modulates the conductance of the underlying SWNT FET to produce electronic fluctuations like those shown in Figure 1c . The fluctuating portion of the signal, ΔI(t) = I(t) − ⟨I(t)⟩, switches with statistics that closely match the signals from singlemolecule FRET studies 29−32 and bulk, ensemble techniques. 33 Good agreement among the turnover rates from all three techniques indicated that the SWNT FET linkage at the C90 residue did not substantially interfere with the active site or the hinge motion.
Results. Debye Screening in Single-Molecule SWNT FETs. One method of probing the interaction between lysozyme's enzymatic activity and the SWNT electrical signal I(t) created by it is to vary the screening length of the surrounding electrolyte. I(t) from the S90C lysozyme variant was measured in phosphate buffer (10 mM, pH 7.5) with a variable level of NaCl from 10 to 300 mM (Figure 2a ) to examine the role of the electrolyte's ionic strength in screening electrostatic effects. 34−36 The magnitude of single-molecule fluctuations |ΔI(t)| of the S90C lysozyme variant-containing devices peaked at a salt concentration of 50 mM and dropped sharply with increasing salt concentration.
As the magnitude of ΔI decreased, the frequency distribution of the I(t) fluctuations was substantially unchanged. An independent, fluorescence-based ensemble assay verified enzymatic activity over the tested range of salt concentrations (Figure 2b ). The ensemble measurements suggested a concentration dependence, which was not observed in singlemolecule recordings. This disagreement is likely due to the combination of a broad, biexponential distribution of events and the relatively poor sampling of the full range of lysozyme's dynamic disorder (even a 600 s recording observes fewer than 10 000 catalytic events). Presumably, infinite-duration singlemolecule measurements would reproduce ensemble rates. Thus, our investigation of signal transduction focused exclusively on the ΔI magnitude, which varied reproducibly and systematically between recordings as short as 10 s.
Except for measurement in 10 mM NaCl, the magnitude of ΔI fluctuations from the S90C variant of lysozyme can be described by the Debye−Huckel expression
where λ D is the electrolyte Debye length, 38 and x o is the relevant screening distance for gating the SWNT FET. λ D varies from 0.54 to 1.54 over the range of NaCl concentrations used here, and it is plotted on the top axis of Figure 2a . Even though the experimental range of λ D was narrow, the data fit eq 1 very well, and fitting determines the value x o = 1.03 ± 0.10 nm. The fit implicates an electrostatic mechanism rather than a purely mechanical (e.g., strain-based) one. Experiments by other laboratories have drawn similar conclusions; 34−36 for example, Stern et al. have used linker molecules of differing lengths to show that the parameter x o accurately describes the distance between point charges and a sensitive, nanowire FET.
The small x o value is remarkable given that a lysozyme molecule has physical dimensions of 5−7 nm. The active site for peptidoglycan catalysis is located 3.1 nm from the C90 attachment site, a distance of 3x o . Thus, the small x o value suggests that the SWNT is responding to charge motions close to the C90 attachment site, rather than from events occurring exclusively at the active site, such as substrate binding. As predicted by theoretical modeling, 39, 40 single-molecule events at the enzyme's active site should be very difficult to detect electronically under these screening conditions. More likely, large-scale, substrate-induced conformational motions alter the positions of amino acids near the SWNT C90 attachment site.
This conclusion is further supported by two observations. First, multilevel I(t) signals were observed when devices were fabricated using an alternate attachment site (SI, Figure S5 ). Although both variants exhibited similar catalytic activities, the second attachment site (S36C instead of S90C) reproducibly generated more complex, multilevel I(t) signals. Second, the magnitude of the ΔI(t) signal did not distinguish between catalytic processing and nonproductive binding of substrate, 11, 12 indicating that sensitivity is to mechanical motions of the enzyme rather than substrate binding and hydrolysis. Thus, we conclude that the ΔI(t) electronic signal is generated by the enzyme's mechanical conformational motions near the attachment site and not its catalytic activity.
These results highlight the importance of the enzyme attachment site in lysozyme-functionalized SWNT FETs. The simple, two-level I(t) signal of the S90C variant of lysozyme provided an ideal system for more detailed investigations. Comparisons of the X-ray crystal structures of lysozyme in the open (unbound) and closed (substrate bound) states 27,28 reveal many charged residues within ∼x o of the C90 attachment site. Two of these, K83 and R119, are approximately 1.5 nm from the C90 attachment site and are particularly interesting as their charged side chain functionalities move substantially when the enzyme transitions from an open to a closed state ( Figure 3 ). As the enzyme moves from an unbound to a substrate-bound state, positively charged K83 and R119 move further from the SWNT by approximately 0.15 nm each. 28, 41 Unlike other surface charges, which remain relatively fixed in place, net movements of K83 and R119 could potentially affect the SWNT FET electrostatically. Consequently, we decided to directly measure the electrostatic contribution of each side chain functionality.
Electrostatic Effects of Specific Amino Acids. Site-specific engineering of proteins offers a powerful tool to probe the relationship between protein structure and function. 42 In this work, mutagenesis allowed the role of specific amino acids at the SWNT-lysozyme interface to be dissected. Seven variants of the S90C lysozyme were designed and synthesized; for each variant, the wild-type K83 and R119 residues were substituted with either neutral alanines, negatively charged glutamate residues, or a combination of the two amino acids. In the remainder of this report, the variants are frequently described in terms of a charge N, which here is defined as the sum of the bare elementary charges for only the two residues of interest, independent of the rest of the protein, electrolyte, or counterions. The variants were designed to have the net charge at positions 83 and 119 spanning from N = +2 to −2, with the initial S90C lysozyme variant accounting for the highest, N = +2 value.
To demonstrate the role of charged functionalities in signal transduction, Figure 4 shows representative signals from two of these SWNT FET devices. In the presence of substrate, both devices exhibited two-level switching with overall statistics that match our previous results. The main difference between the two examples in Figure 4 is a change in sign of the shortduration, transient events that correspond to the closed, substrate-bound conformation. The R119A variant has a single positive charge (N = +1) and produces positive I(t) fluctuations above a baseline current (Figure 4a ). The K83A/R119E variant has a single negative charge (N = −1), and produces I(t) fluctuations with the opposite sign (Figure 4b) .
The left portions of Figure 4 show 0.3 s of raw I(t) data from each, particularly selected to show a transition between active substrate-bound and the inactive, substrate-free conformation (Figure 4a,b) . Because the inactive enzymatic periods do not exhibit two level fluctuations, these transitional moments unambiguously identify the direction of the I(t) signal upon hinge closure and therefore confirm a difference in sign for ΔI(t) produced by the two variants. The middle portions of Figure 4 show histograms from longer, 1 s data sets obtained by first applying a 10-Hz, highpass filter to each I(t) signal. Both histograms are composed of a dominant peak for the hingeopen conformation and a smaller peak for the hinge-closed conformation, again revealing the difference in ΔI(t).
Quantitative comparisons among the variants were complicated by device-to-device variations of the SWNT FETs. For example, every SWNT had a unique resistance and gate sensitivity, and these factors caused the mean value ⟨I(t)⟩ to be completely independent of the lysozyme attachment. Nevertheless, we developed a robust and illuminating way of comparing the lysozyme component of ΔI(t) from dissimilar devices. First, every lysozyme-functionalized SWNT was electrolytically gated in a substrate-free buffer to record its baseline response to gate voltages I(V G ). Second, I(t) histograms like those shown in Figure 4 were fit to two Gaussian peaks, the positions and widths of which depended solely on the SWNT properties. Third, the separation ΔI in peak position was converted to an effective change in gate voltage ΔV G , as determined by each SWNT's I(V G ) curve. This step accounted for the fact that some SWNT FETs were semiconducting and very sensitive to electrostatic gating, while others were semimetallic and much less so. The conversion from ΔI to ΔV G removed all of the device-specific differences to produce device-independent ΔV G values. In past work, this process for calculating ΔV G was applied to the S90C lysozyme variant, and a consistent ΔV G value of −0.19 ± 0.02 V was obtained, even when measured across 18 different SWNT devices varying from semiconducting to metallic. 11 Thus, the ΔV G should serve as a good variable to compare signal transduction by different lysozyme variants.
This normalization process is depicted graphically for the R119A (N = +1) and K83A/R119E (N = −1) lysozyme variants (Figure 4, right) . The Gaussian fits are overlaid on each I(t) histogram in color, and the peak positions are extended by dashed lines onto the I(V G ) curves shown immediately to their right. The dominant peak of the R119A (N = +1) lysozyme variant at 105 nA corresponds to a device operating point around the applied gate bias of V G = 0 V. The smaller peak at 117 nA shows that enzyme closure provides an effective change in gate of ΔV G = −119 ± 52 mV (Figure 4a, right) . The operating point for the K83A/R119E (N = −1) lysozyme variant at 165 nA was shifted to a lower current by an effective gating ΔV G = +77 ± 23 mV (Figure 4b, right) . In both cases, the error in ΔV G is estimated from the width of the Gaussian fits. As demonstrated by Figure S6 , this width is primarily due to the large background noise typical of SWNT devices 43−45 and biosensors. 36, 46 Thus, the error does not necessarily indicate variations in the dynamic disorder or signal transduction by the enzyme.
The ΔV G from 30 different SWNT FETs, incorporating one of the seven charged lysozyme variants revealed the role of charged functionalities in signal transduction ( Figure 5 ). The ΔV G of each charged variant proved to be characteristic and ranged from −205 to +135 mV (supporting data showing every device is provided in the SI, Figure S7 ). The positive variants had ΔV G < 0 V, whereas the negative variants had ΔV G > 0 V. The two variants with N = ± 2 exhibited the strongest signals, being approximately twice as large as from N = ± 1 variants. Furthermore, a single charged functionality could effectively transduce signal from enzyme to SWNT with a large ΔV G value.
Direct, quantitative comparisons of each lysozyme variant's ability to transduce signal were generated by plotting ΔV G as a function of N. The observation of two-level switching by the neutral, K83A/R119A lysozyme variant (N = 0) identifies the likely contributions of all other charged residues at positions near residues 83 and 119. The observed gating of ΔV G = −34 mV in the neutral case agrees with previous calculations 39 based on the distal domain's net charge of +3 and its substantial hinge motion relative to C90. Figure 5b shows the effective gating ΔV G of each variant, with (open squares) and without (solid squares) this contribution. After adjustment, the entire set of values became nearly symmetric about zero and linear to N for all six charged variants. The average slope dΔV G /dN = −91 mV per unit charge is a sensitivity nearly three times greater than from the rest of the protein combined. A more detailed consideration of signal transduction by these two positions follows.
Discussion. Taken together, results from Debye screening and site-directed mutagenesis demonstrate an electrostatic mechanism in which charged functionalities at S90C lysozyme positions 83 and 119 play a dominant role in signal transduction by gating the SWNT FET. Unique to these positions are key factors that, we believe, predict good quality signals. First, these positions have charged side chains that move substantially as a result of catalytic processing. Second, these residues are much closer to the SWNT than other, similarly charged residues, making them less shielded than distant charges. The Debye screening experiments also suggest that salt concentration can be optimized within a biologically relevant range to maximize the signal from these two positions. For example, decreasing the salt concentration improves the signal-to-noise ratio, until low salt concentration prevents the enzyme from functioning normally.
To analyze the electrostatic mechanism further, we have calculated the theoretical electric fields created by charges at lysozyme positions 83 and 119 (Supplementary Table S1 ). Comparisons of the X-ray structures of lysozyme in its open and closed configurations provided the vector movement of each charge relative to C90 and to the attached pyrenemaleimide linker. The principal qualitative feature of the calculations is that both residues move away from the attachment site as lysozyme binds its substrate. Thus, the net electric field during closure becomes less positive in the N = +2 case. In the N = −2 case, the field becomes more positive. For both variants, the sign of the change agrees with the ΔV G observed experimentally.
Since the orientations of both lysozyme and the SWNT with respect to the pyrene-maleimide linker are not easily defined, there is uncertainty in the electric fields at the SWNT sidewall. Nevertheless, we have modeled an energetically likely orientation of the lysozyme with respect to pyrene-maleimide and the SWNT (Figure 3 ). In this model, the dihedral angle of pyrene with respect to maleimide is fixed at its lowest energy conformation at an angle of −50°. This consideration restricted the orientation of lysozyme with respect to the SWNT to two possible lowest energy thioether rotamers. 42 One cysteine rotamer maintains the 83 and 119 residues at similar distances from the SWNT, resulting in nearly equal electrostatic effects from movements at either position. The second rotamer would cause a charged residue at 119 to have three to five times the gating effect as one at position 83, which is an asymmetric effect that has not been observed for any device to date. The data in Figure 5 show both positions to have nearly equal gating effects on the SWNT, leading us to depict the first rotamer in Figure 3 .
The calculated fields predict that positions 83 and 119 should be somewhat distinguishable, as expected for any two charges located at slightly different positions. In fact, the main experimental difference between the two positions in Figure 5 is not a difference in sensitivity dΔV G /dN, such as would arise from differing distances, but rather a reproducible offset that is systematically higher than the ΔV G = −34 mV value of the neutral variant. Specifically, the two N = ± 1 variants with charge at position 119 result in a fit to the expression ΔV G = −92N − 11 ± 8 mV, whereas charges at position 83 give ΔV G = −90N − 26 ± 6 mV. The charge-symmetric response from both positions has a nearly identical slope dΔV G /dN, but with position-dependent offsets that are up to 2σ more positive than from the neutral variant.
The offset described above indicates that assigning a single, fixed ΔV G to all the nontargeted charges in the enzyme is too simplistic. Structural differences among the variants are expected to be minor, as the variants remain functional and fold consistently into similar circular dichroism-measured structures. Furthermore, protein structure typically remains indifferent to the substitution of small numbers of surfaceexposed residues, as shown for many proteins; for example, T4 lysozyme has been mutated at position 119 without affecting its thermal stability. 43 An alternative and more attractive interpretation reconsiders the complexity of the charge substitutions themselves. The side chain functional groups are not true point charges, but rather charge distributions resulting from different chemical functionalities in a complex, screening environment. Pursuing this hypothesis, we observe that small shifts of ΔN = −0.1 and −0.2 at the positions 83 and 119, respectively, can align the data to a single, constant offset ΔV G = −34 mV. A more detailed analysis requires precise knowledge of the linker's orientation, the SWNT's response to the resultant fields, and a more accurate model of electrolyte screening in the immediate vicinity of the linker, all of which are formidable characterization challenges.
Another detail apparent in Supplementary Table S1 but not in Figure 5 is the joint effect of the N = ± 2 variants. Placing charges at both positions 83 and 119 approximately doubles the effective gating and suggests an additive effect. In fact, ΔV G is not quite twice as large as measured when N = ± 1, rather being greater by only a factor of 1.87. Experimentally, dΔV G / dN = −85 mV per unit charge, whereas the sum of the individual charges would predict dΔV G /dN = −91 mV. An inspection of Figure 3 reveals the cause: the two side chains do not move in parallel to each other; thus, the vector sum of their fields must be less than the sum of the two magnitudes. The vector calculation in Supplementary Table S1 accounts for this geometry.
Finally, we conclude with a short summary of factors that impact the effectiveness of these devices, since understanding their operation at the molecular level could generalize the approach to other single-enzyme experiments. Remarkably, the role of the particular SWNT is quite minimal, as both metallic and semiconducting SWNTs produce comparable signal-tonoise ratios. This ratio is not substantially improved by seeking the steeper I(V G ) curves of semiconducting SWNTs, since their enhanced sensitivity is accompanied by greater noise from background fluctuations. These observations prove that transduction and sensitivity of the lysozyme-functionalized SWNT FETs is not merely due to carrier accumulation or depletion, as in more traditional semiconductor-based sensors. Instead, we note that the electrostatic I(V G ) response in the functionalized devices is different from that of pristine SWNTs. In practice, the DC resistance of every SWNT FET is raised by the biofunctionalization, 11 with the added scattering located at the point of attachment. Thus, sensitivity is not controlled by electrostatic doping nor by selecting a SWNT with a particular bandstructure; rather, it results from a local scattering barrier induced by the attachment itself. This colocalization of the chemical sensitivity and electrical transduction, which has been studied in detail for covalent SWNT defects, 10,44−46 leads to signal amplification. We hypothesize that the enzyme's motion modulates the height and/or width of this barrier, leading to an electostatic field effect that is distinct from carrier accumulation. Additional theoretical work in this area would be very beneficial, since past attempts to model SWNT sensitivity have pursued more traditional bandstructure or charge transfer models.
In addition to the proximity of charged functionalities to the enzyme attachment site described above, the location of this site within the overall protein structure is also critical to successful transduction. First, the attachment site does not need to be located near the enzyme's active site. In fact, attachments at such positions might interfere with activity and could perturb enzymatic function. Second, we have selected an attachment site that is relatively rigid with respect to the molecule's center of mass. C90 moves by less than 0.15 nm during catalytic processing. We suspect that similar positions of minimal motion could be key aspects of good attachment sites, since they can minimize perturbations to the enzymatic activity and mechanical stresses on the SWNT linkage. Third, the presence of one or more charged groups moving in concert near the attachment site is critically enabling. The measurements here prove that the immediate environment of the attachment site is most important for transduction.
In conclusion, these results support a very simple, electrostatic gating mechanism for signal transduction by single enzymes in SWNT FETs. By varying the surrounding electrolyte and the enzyme's surface charges, we have built a precise understanding of signal generation in these devices. The data show that mechanical displacements of charged functionalities resulting from distal motions are the primary sources of transduction. Furthermore, through selection or introduction of such functionalities, the signal strength can be optimized. The findings suggest design rules by which structural data can guide the creation of similarly effective nanocircuits for singlemolecule studies of other enzymes, binding proteins, aptamers, and ribozymes. In addition, single-mutation sensitivity has been demonstrated, providing a promising platform for the further study of molecular function with single-molecule resolution.
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